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a b s t r a c t
An experimental study of several types of ground heat exchangers (GHEs) installed in a steel pile
foundation, including double-tube, U-tube, and multi-tube GHEs, was carried out at Saga University.
Water ﬂows through the heat exchangers and exchanges heat to or from the ground. The performance of
GHEs was investigated under actual operation in the cooling mode with ﬂow rates of 2, 4, and 8 l/min.
Temperatures of the ground and GHE tube wall were measured to ﬁnd the temperature distributions
according to the depth of the ground and depth of the GHE tube wall. The temperatures of the inlet and
outlet of circulated water were also measured to calculate the heat exchange rate. The double-tube had
the highest heat exchange rate, followed by the multi-tube and U-tube GHEs. For example, the average
heat exchange rate of GHEs over 24 h of continuous operation with a ﬂow rate of 4 l/min was 49.6 W/m
for the double-tube, 34.8 W/m for the multi-tube, and 30.4 W/m for the U-tube. An increasing ﬂow rate
increased the heat exchange rate of the GHEs. The heat exchange rates increased signiﬁcantly for ﬂow
rate increases from 2 to 4 l/min, but only slightly changed from 4 to 8 l/min.
 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Increasing concentrations of greenhouse gas emissions such as
carbon dioxide (CO2), sulphur dioxide (SO2), and nitrogen oxides
(NOx) in the atmosphere have led to potential environmental
problems in recent years. The use of geothermal energy has been
recognized as a possible solution for reducing emissions. An
advantage of using geothermal energy is the stability of the
temperature range of the ground at tens to hundreds of meters in
depth. In addition, the ground temperature is generally lower in
summer and higher inwinter than that of ambient air temperature.
A ground source heat pump (GSHP) system employs a geothermal
energy source andprovides higher efﬁciency than a conventional air
source heat pump (ASHP) system. A number of studies have inves-
tigated the GSHP system [1e4]. This system reduces primary energy
consumption, maintenance, and operating costs [5]. In GSHP
systems, the vertical ground coupled heat pump (GCHP) system has
attained the greatest interest due to the small land area requirement
and wide range of applications [6]. The heat exchange performance
of the geothermal heat exchanger (GHE) is an important subject of
GSHP systemdesign. Researchanddevelopmentof the various types
of GHEs helps to improve GSHP system design. In related studies,
GSHP design is discussed [7], and the performances of GHEs with
various backﬁlled materials, concrete pile foundations, and conﬁg-
uration shapes have been investigated [8e10].
In the present research, the double-tube, U-tube and multi-tube
GHEswere developed and installed in a steel pile foundation at Saga
University and their performance was investigated. The three types
of GHEs were experimentally tested in the cooling mode under the
same conditions. The temperature distributions of the ground and
GHE tube walls according to depth, and the heat exchange rates in
24 h of continuous operationwith ﬂow rates of 2, 4, and 8 l/min and
the effect of increasing the ﬂow rate are discussed.
2. The GHE system and experimental setup
The schematic diagrams and photographs of the U-tube, double-
tube, and multi-tube GHEs are shown in Fig. 1. Steel pipes, which
are used as foundation pile for houses, were buried in the ground at
a depth of 20 m, and used as boreholes for the GHEs. The U-tube
and multi-tube GHEs were inserted in the steel pile, and the gaps
between the steel pile and tubes were backﬁlled with silica sand.
The U-tube is a polyethylene pipewith an outer diameter of 33 mm.
The multi-tube is a polyvinyl chloride pipe with an outer diameter
of 20 mm as the central pipe and four polyvinyl chloride pipes with
outer diameters of 25 mm placed around the central pipe. The
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central pipe is the outlet tube and the four pipes around the central
pipe are the inlet tubes. The outlet tube is insulated to protect the
heat exchange process from the inlet tubes. In the double-tube
GHE, a stainless steel pipe with an outer diameter of 139.8 mm is
used as the inlet tube of the GHE and a polyvinyl chloride pipe,
48 mm in outer diameter, is installed inside the stainless steel pipe
as the outlet tube. The conﬁgurations and properties of the GHEs
are shown in Table 1.
Fig. 2 shows the experimental setup and the thermocouple
positions for measuring the temperatures of the ground and tube
wall. TwoGHEs (double-tube andU-tube) and the thirdGHE (multi-
tube) are located at opposite ends of the laboratory building. As
shown in this ﬁgure, the local ground temperatures weremeasured
at a location between the U-tube and double-tube, where therewas
no effect of the GHEs on the ground temperature. The temperature
distributions of the ground and GHE tube wall at varying depths
were measured at constant depth intervals using T-type thermo-
couples. The ground temperatures around the U-tube and double-
tubeweremeasured to a depth of 25 mat constant intervals at three
points (G1, G2, and G3). In the multi-tube, the ground temperatures
weremeasured in eight directions (J, K, L, M, N, O, P, and Q points) to
a depth of 22 m at constant intervals. The temperatures of the GHE
tube walls were measured to 20 m depth. Temperature measure-
ments of the tube walls are positioned at the outer side of the inlet
and outlet tubes. In the double-tube GHE, temperatures of the inner
side of the outlet tube were also measured.
The experiment was carried out for 24 h of continuous operation.
The experimental conditions are listed in Table 2. Water was circu-
lated into the GHEs and the inlet temperature was maintained at
27 C. Theﬂowrate of circulatedwaterwas set to 2, 4, and8 l/min. For
themulti-tube, the total ﬂow rate of the four inlet pipes is considered
to be the ﬂow rate of the condition. The Reynolds numbers are
1906e7623 for the U-tube, 331e1323 for the double-tube, and
620e2477 for the multi-tube. The temperature distributions of the
ground and GHE tube walls according to depth, and the inlets and
outletsof circulatedwaterwereperiodically recorded. Inaddition, the
ambient air temperature was also periodically recorded; the average
temperature in 24 h is shown in the table. The effect of the daily
change of ambient temperatures did not signiﬁcantly affect the heat
exchange rate due to the settingof the inletwater temperature in this
experiment, although seasonal changes do affect the groundnear the
surface. The measurement temperature precision was 0.2 C.
3. Soil characteristics
The heat transfer between the GHE and adjoining soil depends
strongly on the soil type, the temperature gradient and themoisture
gradient [13]. This research was conducted at Saga University, Saga
City, Japan. The top soil of Saga City is soft Ariake clay, which is
typically approximately to10 or 20 m in thickness with a maximum
value of 30 m and natural water content of 12e173% [14]. The soil
sample in the Fukudomi area of Saga City consists of clay from 0 to
15 m in depth, sand and sandy clay from 15 to 20 m, and a water
content of 30e150% that varies with the depth [15]. The soil prop-
erties can be estimated using the values for similar soil types. The
soil properties of clay, sand and sandy clay are shown inTable 3 [16].
4. Results and discussion
4.1. Temperature distributions
4.1.1. Local ground temperature
Fig. 3 shows the local ground temperature at Saga University,
Japan (33160N 130180E) from July 2008 to March 2009. The
Fig. 1. The schematic diagrams and photographs of the geothermal heat exchangers. (a) U-tube. (b) Double-tube. (c) Multi-tube.
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temperature was measured to 10 m in depth at 1 m intervals.
However, a lack of data occurred in several time periods due to errors
of the data logger, maintenance, and system repair. Ambient air
temperature was also measured and the average temperatures in
24 h are shown in this ﬁgure. The depths at 1 and 2 m indicate that
theground is strongly inﬂuencedbytheambient climate.Atdepthsof
3 and 4 m, the ground is still affected by the ambient climate.
However, the ground temperatures below 5 m in depth tend to be
constant, 17e18 C.
The initial temperatures of the ground around the three types of
GHEs at the time of the experiments are shown in Fig. 4. The
temperatures weremeasured at the beginning of GHE operation. As
stated in the previous paragraph, the effect of the ambient climate
was an inﬂuence to the depth of 4 m, below which the ground
temperature stayed almost constant at 17e18 C.
4.1.2. Tube wall and ground temperatures of GHEs
The temperature distributions of the GHEs according to the
depth with ﬂow rates of 2, 4, and 8 l/min after 24 h of continuous
operation are shown in Figs. 5e7.
Fig. 5 shows the tube wall and ground temperature distribu-
tions of the double-tube type. Water ﬂows through the inlet and
outlet tubes. The temperatures of the outer side of the inlet tube
gradually decline with the increase in depth. This means that heat
is released to the ground through the inlet tube and the water
temperature gradually declines. The temperatures of the inner
side of the outlet tube are lower than those of the outer side and
the temperature of the outlet tube gradually increases to the exit
point. This fact indicates that heat exchange from the inlet water
to the outlet water exists and the efﬁciency of the GHE decreases.
In the ground temperature around the double-tube GHE, the
temperature increased at depths of 16 and 20 m at the G1 position.
This result indicates that underground water may be present at
these locations and ﬂows through the borehole to the G1 position
in the northwest direction. The presence of ﬂowing water may
increase the heat exchange rate of the GHE [17,18]. The tempera-
ture from ground level to 4 m in depth is inﬂuenced by the
ambient climate.
In the U-tube type, water is circulated through the U-tube
and heat is released to the ground through the tube wall. In the
double-tube, the heat is also released to the ground through the
outlet tube since the wall temperature is higher than the ground
temperature. The temperature distributions of the tube walls
and ground are shown in Fig. 6. The temperature distribution in
the outlet tube wall increases due to the effect of ﬂow distur-
bance and secondary ﬂow at the U-bend. This effect changes the
temperature proﬁle of the water ﬂow and increases the tube
wall temperature of the outlet tube. This effect is observed
upward to the outlet tube depending on the water ﬂow rate. In
the ground temperature around the U-tube GHE, the tempera-
ture increases at depths of 15 and 20 m of the G1 position. This
result also indicates that underground water may be present at
these locations and ﬂows in the northwest direction, as shown
in the double-tube. However, the heat advection intensity by
the underground water is higher than that of the double-tube
type. The presence of ﬂowing water may increase the heat
exchange rate of the U-tube GHE.
In the multi-tube type, water is circulated through the multi-
tube and heat is released to the ground through the four inlet tubes.
The tube wall and ground temperature distributions are shown in
Fig. 7. Thewall temperatures of the inlet tubes decrease with depth,
and the water temperature gradually declines. In addition, the heat
exchange from the inlet tubes to the outlet tube is prevented by the
insulation of the outlet tube. Due to its insulation, the water
temperature rise is assumed to be smaller in the outlet tube. At
a depth of 20 m, the outlet wall tube temperature is higher than the
average inlet wall tube temperatures. The average inlet wall tube
temperatures are affected by the grout temperature. However, the
temperature of the insulated outlet wall tube is affected by
the water temperature. In the ground temperature around the
multi-tube GHE, the temperatures from 6 to 22 m in depth are
almost constant.
4.2. Inlet and outlet water temperatures
The inlet and outlet water temperatures of the GHEs were
measured in 24 h of continuous operation. The temperature
difference between the inlet and outlet decreases with the
increasing ﬂow rate. The temperatures of the inlet and outlet of
circulated water in 24 h of continuous operation are shown in
Fig. 8.
The inlet and outlet temperatures of the circulated water of the
double-tube, U-tube, and multi-tube are shown in Fig. 8(a), (b)
and (c), respectively. After the start of the experiment, the inlet
water temperatures quickly approach the set temperature. The
outlet water temperatures gradually increase and approach
the saturated value. The average inlet water temperatures of the
Table 1
Ground heat exchangers conﬁguration and properties [11,12].
(a) Double-tube
Inlet pipe (pile foundation)
Material Stainless (SUS304)
Length 20 m
Outer diameter, do 0.1398 m
Inner diameter, di 0.1298 m
Thermal conductivity, kStainless 13.8 W/(mK)
Outlet pipe
Material Polyvinyl chloride
Outer diameter, do 0.048 m
Inner diameter, di 0.04 m
Thermal conductivity, kpipe 0.15 W/(mK)
(b) U-tube
Inlet and outlet pipes
Material Cross-linked polyethylene
Outer diameter, do 0.033 m
Inner diameter, di 0.026 m
Thermal conductivity, kPE 0.35 W/(mK)
Pipe distance, x 0.02 m
(c) Multi-tube
Inlet pipes
Material Polyvinyl chloride
Outer diameter, do 0.025 m
Inner diameter, di 0.02 m
Thermal conductivity, kpipe 0.15 W/(mK)
Outlet pipe
Material Polyvinyl chloride
Outer diameter, do 0.02 m
Inner diameter, di 0.016 m
Thermal conductivity, kpipe 0.15 W/(mK)
Adjacent pipe distance, l1 0.05 m
Opposite pipe distance, l2 0.07 m
(d) Pile foundation and grout thermal conductivity
Pile foundation of U-tube and multi-tube
Material Steel (SS400)
Outer diameter, do 0.1398 m
Inner diameter, di 0.1298 m
Thermal conductivity, kSteel 52 W/(mK)
Grout thermal conductivity
Material Silica sand
Thermal conductivity, kgrout 1.4 W/(mK)
E. Jalaluddin et al. / Renewable Energy 36 (2011) 764e771766
Author's personal copy
double-tube at 2, 4, and 8 l/min are 27.1, 27.1, and 27.2 C,
respectively, and the average outlet water temperatures are 22.1,
23.8, and 25.4 C, respectively. For the U-tube, the average water
temperatures at 2, 4, and 8 l/min at the inlet are 26.5, 26.4, and
26.3 C, respectively, and at the outlet the temperatures are 23.1,
24.4, and 25.2 C, respectively. For the multi-tube, the average
water temperatures at 2, 4, and 8 l/min at the inlet are 27.1, 27.0,
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Fig. 2. The layout of experimental setup and the thermocouple positions of temperature measurement of the ground and tube wall.
Table 2
Experimental conditions.
Date Start
time
Operation
hours
(hour)
Inlet water
temperature
(C)
Flow rate
(l/min)
Average of
the ambient air
temperature (C)
10/05/2008 15:00 24 27 2 20.3
9/29/2008 15:00 24 27 4 19.5
10/30/2008 15:00 24 27 8 14.1
Table 3
Soil properties.
Soil proﬁle Temperature [K] Density [kg/m3] Speciﬁc heat [kJ/kg K] Conductivity [W/mK] Thermal diffusivity [mm2/s] Water content [%]
Clay 293 1700 1.8 1.2 0.39 27.7
Sand 293 1510 1.1 1.1 0.68 7.9
Sandy clay 293 1960 1.2 2.1 0.93 21.6
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and 27.0 C, respectively, and at the outlet are 23.0, 24.5, and
25.6 C, respectively.
The average water temperature differences between the inlet
and outlet of the double-tube, U-tube, and multi-tube are 5.0, 3.4,
and 4.1 C for 2 l/min; 3.3, 2.0, and 2.5 C for 4 l/min; 1.8, 1.1, and
1.4 C for 8 l/min, respectively.
4.3. Heat exchange rate
To investigate the heat exchange rate of the three types of GHEs,
temperatures of the inlets and outlets of the circulated water of
each ﬂow rate were measured. The heat exchange rate, Q, is
calculated by the following equation:
Q ¼ _mcpDT (1)
where _m is ﬂow rate, cp is speciﬁc heat, and DT is the temperature
difference between the inlet and outlet tubes of circulated water.
For simplicity, the heat exchange rate per meter of borehole
depth, Q , is deﬁned as
Q ¼ Q=L (2)
where L is the depth of each GHE.
Figs. 9 and 10 show the heat exchange rates of the GHEs for 24 h
of continuous operation with ﬂow rates of 2, 4, and 8 l/min. The
heat exchange rates of GHEs of each ﬂow rate are shown in Fig. 9.
The heat exchange rates are high in the beginning of operation due
to the constant temperature of the ground around the borehole.
After speciﬁc hours of operation, the heat exchange from the
circulated water to the ground increases the temperature of the
ground around the borehole and then, the heat exchange rate
declines slightly and tends to be constant. In the double-tube,
within a few hours of operation, the heat exchange rate is
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Fig. 3. Local ground temperature at Saga University, Japan from July 2008 to March
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signiﬁcantly higher than that of the other GHEs. A large quantity of
stored water, which is at equilibrium with the ground, provided
thermal storage that gave the highest heat exchange rate. The heat
exchange rates of each GHE with ﬂow rates of 2, 4, and 8 l/min are
shown in Fig. 10. Increasing the ﬂow rate increases the heat
exchange rate of the GHEs. The effect of increasing the ﬂow rate is
explained later. The average heat exchange rates of each ﬂow rate
from 0 to 6 h, from 6 to 24 h, and from 0 to 24 h are presented in
Table 4. The heat exchange rates of the GHEs are shown for the
beginning, from 0 to 6 h, and for 6 to 24 h of operation. Of the
average heat exchange rates of the GHEs over 24 h of continuous
operation, the double-tube has the highest heat exchange rate,
followed by the multi-tube and U-tube. For example, the heat
exchange rate with a ﬂow rate of 4 l/min is 49.6 W/m for the
double-tube, 34.8 W/m for themulti-tube, and 30.4 W/m for theU-
tube. The highest heat exchange rate of the double-tube is due to
the larger contact surface areawith the ground compared to that of
the other GHEs. The contact surface areas are 8.73 m2 for the
double-tube, 4.15 m2 for the U-tube, and 6.28 m2 for the multi-
tube. These results indicate that the heat exchange area is a domi-
nant factor of the heat exchange rate. The outlet tube of the U-tube
typeGHE is included in the heat exchange area, but the outlet tubes
of the double-tube and multi-tube are not included. The outlet
tube of the multi-tube was insulated to protect the heat exchange
process from the inlet tubes. In addition, the effect of convective
heat transfer due to the large quantity of water inside the pipemay
increase the heat transfer in the double-tube type. The presence of
underground water around the double-tube and U-tube at
a speciﬁc depth may also affect the heat exchange rate.
Fig. 11 shows both the heat exchange rates of the GHEs on
average over 24 h of continuous operation and the effect of
increasing the ﬂow rate. The increasing of the ﬂow rate increases
the heat exchange rate in all three GHEs. The heat exchange rate
signiﬁcantly increases from 2 to 4 l/min, but slightly changes
from 4 to 8 l/min. In the case of the low ﬂow rate, the tempera-
ture change is large. However, the water ﬂow carrying the
thermal energy is small. As a result, the heat exchange rate
becomes small. In other words, the temperature change is small
in the high ﬂow rate and the heat exchange rate does not increase
as much as increasing the water ﬂow rate, although the heat
exchange rate gradually increases. Considering the pumping
power, there might be an optimum ﬂow rate. In a high ﬂow rate,
the heat exchange rate of the double-tube and multi-tube are
still increasing while the U-tube tends to be constant. The effect
of the ﬂow behavior of water ﬂowing may affect this condition.
The water ﬂowing in the double-tube and multi-tube is laminar
and in U-tube the water ﬂow is fully turbulent.
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5. Conclusions
The experimental study of three types of GHEs expanded the
understanding of heat exchange rates. The heat exchange rates of
GHEs were calculated based on parameters such as ﬂow rate and
temperature difference of the inlet and outlet of circulatedwater. In
this research, the inlet and outlet tubes of the U-tube type were
constructed close to one another. Thermal interference between
the tubes may decrease the heat transfer to the ground. The grout
thermal conductivity affects the heat transfer process of the U-tube
and multi-tube. The double-tube is affected by the soil thermal
conductivity. Temperature distributions of the GHEs according to
the borehole depth, including the tube walls and ground temper-
atures, provide good understanding of the heat exchange process of
the three types of GHEs. In addition, the effect of the presence
of underground water is a factor to be considered. The presence of
underground water around the double-tube and U-tube at speciﬁc
depths may affect their heat exchange rates. From the results of this
study, the following conclusions are drawn:
(1) The double-tube GHE has the highest heat exchange rate, fol-
lowed by the multi-tube and U-tube. For example, with a ﬂow
rate of 4 l/min, the heat exchange rate is 49.6 W/m for the
double-tube, 34.8 W/m for the multi-tube, and 30.4 W/m for
the U-tube.
(2) Based on the fact that the heat exchange from the inlet water to
theoutletwater exists and the efﬁciencyof theGHEdecreases in
the double-tube type, using insulation around the outlet tube in
the future will preserve the heat exchange and signiﬁcantly
increase the performance of this type of GHE. However, the high
initial cost due to construction and the possibility of leakage to
the ground should be considered in future applications.
(3) The heat exchange rates of the double-tube and multi-tube
GHEs increase in the high ﬂow rate region, whereas the U-tube
tends to be constant. This result implies that the double-tube
andmulti-tube can be operated in awide range of applications.
(4) For application at a high ﬂow rate, the multi-tube is an
attractive choice due to its high heat exchange rate compared
with the U-tube type.
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Table 4
Heat exchange rates.
Date Flow rate (l/min) Average heat exchange rate (W/m)
Double-tube U-tube Multi-tube
(0e6 h) (6e24 h) (0e24 h) (0e6 h) (6e24 h) (0e24 h) (0e6 h) (6e24 h) (0e24 h)
10/05/2008 2 47.1 33.5 36.9 30.2 23.1 24.9 32.3 24.7 26.6
9/29/2008 4 73.9 41.4 49.6 39.6 27.3 30.4 43.5 31.9 34.8
10/30/2008 8 87.4 44.0 54.8 42.9 27.7 31.5 52.1 36.3 40.2
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Fig. 11. Heat exchange rates of the GHEs to the increasing the ﬂow rate.
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